HR (homologous recombination) and the repair of DNA DSBs (double-strand breaks)
===============================================================================

In all organisms, the maintenance and propagation of genetic material is a prerequisite for life. Cells have evolved numerous and complex DNA-repair pathways to ensure that genomic integrity is preserved. Failure to detect and faithfully repair chromosomal damage leads to genomic instability and consequential loss of cellular viability. Indeed, in humans, defects in DNA-repair pathways have been associated with developmental, immunological or neurodegenerative diseases and predispositions to cancer.

Throughout the cell cycle, genomic DNA is damaged by a variety of exogenous and endogenous agents. Compounds such as ROS (reactive oxygen species), generated during normal cellular metabolism, and environment hazards, such as ionizing radiation or chemical mutagens, constantly challenge the chromosomal integrity of cells. However, because of the highly efficient nature of the multiple and overlapping DNA repair mechanisms available to cells, the vast majority of the resultant DNA lesions are accurately repaired and do not lead to mutation.

The DSB, when both strands of the DNA duplex are simultaneously broken, is an especially cytotoxic form of damage. The resultant free DNA ends may be subject to illegitimate recombination or ligation, and these processes can lead to chromosomal rearrangements. Cells have consequently evolved numerous and redundant DSB-repair mechanisms, to faithfully restore the genetic sequence at the breaks and maintain genomic stability. The two predominant and intensely studied DNA DSB-repair mechanisms are NHEJ (non-homologous end-joining) and HR. In NHEJ, the two ends of the break are joined together with minimal DNA end-processing. Although this mechanism is incredibly fast and efficient, it is also highly error-prone and can often lead to mutations, such as deletions and chromosomal translocations (reviewed in \[[@B1]\]). In contrast, HR is a high-fidelity mechanism, using a chromosomal homologue as a template for the repair, and involves the extensive end-resection of the break. Although HR is a more accurate mode of repair than NHEJ, the requirements for a homologous template restrict this process to the S- and G~2~-phases of the cell cycle (reviewed in \[[@B2]\]).

An essential step during HR-mediated repair is the extensive 5′--3′ end resection of the DSB. This process generates 3′ single-strand tails, which are bound by the RecA/Rad51/RadA family of recombinases to form the nucleoprotein filament that initiates HR. These presynaptic molecules invade homologous chromosomes to produce hybrid joint molecules. HR can then proceed by a variety of mechanisms involving DNA synthesis, branched molecule resolution and ligation (reviewed in \[[@B3]\]). The DNA end-resection step is a conserved process, observed in all three domains of life, and is dependent on specialized helicases and nucleases, often functioning in multiple and redundant pathways. Although some DNA-resection enzymes are specialized within a particular phylogenetic division, other components are crucial in all forms of life.

Bacteria: the fundamentals of DNA end-resection
===============================================

The tripartite RecBCD helicase--nuclease complex of *Escherichia coli* is the best experimentally characterized DNA end-processing machinery, and is conserved across the majority of Gram-negative bacteria. A combination of biochemical, single-molecule, structural and genetic studies have provided insights into the mechanism of 3′ single-strand tail generation by this complex (reviewed in \[[@B4],[@B5]\]). The DNA-unwinding activity of the complex is driven by the RecB and RecD helicase subunits \[[@B6],[@B7]\] that translocate on the opposite strands of the DNA duplex, but act with complementary polarities, ensuring that the components of the complex migrate in the same direction \[[@B6],[@B7]\] ([Figure 1](#F1){ref-type="fig"}A). The nuclease domain of the complex is housed at the C-terminus of RecB, and its activity is regulated by the RecC subunit, via interaction with the conserved Chi (crossover hotspot initiator \[[@B8]\]) sequences, dispersed throughout the genome \[[@B9],[@B10]\]. The current model of RecBCD end-resection, based on structural and biochemical evidence, proposes that the genomic Chi sites modulate the mode of DNA degradation by the complex. Before encountering a Chi site, this highly processive enzyme can destroy both strands of the duplex, although cuts are introduced more frequently on the 3′ strand, relative to the 5′ strand. However, upon encountering a Chi site, the complex stops digesting the 3′ strand, while the frequency of cutting on the 5′ strand increases \[[@B11]\]. In addition, after Chi site recognition, the nuclease module of RecB also facilitates loading of the RecA recombinase on to the 3′ strand, concurrent with the 5′ strand resection, thus aiding the formation of the nucleoprotein filament \[[@B5],[@B12]--[@B14]\]. Interestingly, under different experimental conditions the RecBCD complex appears to act primarily as DNA translocase, only introducing an endonucleolytic cut when encountering a Chi site \[[@B4]\]. The complex then continues along the template loading RecA on to the cut strand to generate a 3′ nucleoprotein filament. There is current debate as to which of the two observed mechanisms is relevant *in vivo*. Although the first model, involving significant DNA resection is favoured, the second model of DNA translocation, nicking and unwinding has been shown to be consistent with some genetic data \[[@B4]\]. However, further support for the resection model has been provided by a recent analysis, which reveals insights into how Chi sites regulate the activity of the RecBCD complex. An α-helix located within the RecC subunit, which mediates the sequence-specific recognition of Chi elements, appears to allosterically regulate the positioning of a molecular 'latch', formed from other structural elements within RecC. Upon interaction with Chi, movement of the recognition helix alters the conformation of this latch to an 'open' arrangement, allowing the 3′ DNA strand to bypass the RecB nuclease domain, and exit undigested from the complex to permit the formation of the 3′ single-strand tail \[[@B15]\].

![End-resection of DSBs in the three domains of life\
(**A**) The bacterial RecBCD pathway (*E. coli*). (i) DNA end recognition by the RecBCD helicase--nuclease complex. (ii) The two DNA strands are translocated separately by the helicases RecD (green, 5′--3′ polarity) and RecB (orange, 3′--5′ polarity). The nuclease domain is located at the C-terminus of RecB. Before encountering a Chi site, the 3′ strand is cleaved more frequently than the 5′ strand. A loop of single-stranded DNA accumulates ahead of RecB, as a result of the higher translocation rate of RecD. (iii) After Chi recognition by the RecC subunit (blue), the nuclease activity of the complex is stimulated on the 5′ strand and suppressed on the 3′ strand. RecB mediates RecA loading on to the resulting 3′ single-stranded DNA tail. (**B**) The eukaryotic Dna2--Sgs1 complex pathway (*S. cerevisiae*). (i) DNA end recognition and limited processing by the MRX complex (Mre11, green; Rad50, red; Xrs1, orange; Sae2, purple). (ii) MRX recruits the Sgs1 helicase (light green, in complex with Top3-Rmi1) to the DSB end. Extensive end-resection is performed by the Dna2 exonuclease (blue) in association with the Sgs1 helicase, or is alternatively processed by the Exo1 nuclease (not shown). RPA bound to the unwound single--strands stimulates Dna2 activity on the 5′ strand, and inhibits 3′ strand degradation (inset). (iii) RPA is subsequently replaced by the Rad51 recombinase on the 3′ tail. (**C**) The archaeal HerA--NurA helicase--nuclease pathway (*S. solfataricus*). (i) Operon encoding the *herA*, *mre11*, *rad50* and *nurA* genes. (ii) Either one or two strands of the duplex can pass through the core of the complex, resulting in either the single-stranded resection (right), or wholesale destruction of both strands (left). NurA dimer (blue); HerA hexamer (green). Mre11 and Rad50 may be involved in the initial processing of the break and the recruitment of HerA--NurA.](bst2012-0307i001){#F1}

In Gram-positive bacterial species, alternative helicase--nuclease complexes, analogous to RecBCD, have been identified. In *Bacillus subtilis*, the AddAB heterodimer fulfils the end-resection role, switching from a double-stranded DNA destruction mode, to a single-strand resection mode at Chi sequences specific to the *B. subtilis* genome \[[@B16]--[@B18]\]. Indeed, RecBCD-null mutants in *E. coli* can be functionally complemented by *B. subtilis* AddAB, restoring cell fitness, reversing the reduction in the rates of HR, and ablating sensitivity to DNA-damaging agents of the mutants \[[@B19],[@B20]\]. Homologues of AddAB, known as RexAB have also been observed experimentally in *Lactococcus lactis* and *Streptococcus pneumoniae* \[[@B20],[@B21]\]. The AddA subunit of the complex displays some sequence homology with RecB, and harbours both helicase and nuclease domains at the N and C-termini respectively, whereas a second nuclease domain is located at the C-terminus of AddB. Interestingly, the AddB subunit also displays some predicted structural resemblance to RecC, and is therefore thought to be responsible for Chi site recognition. The presence of two independent nuclease domains within the enzyme suggests that, unlike RecBCD, the two DNA strands are processed separately by these two distinct modules \[[@B22]\].

Another DNA end-resection complex, known as AdnAB, has been identified in mycobacterial species, which lack RecBCD or AddAB/RexAB homologues \[[@B23]\]. In a further variation on the theme of the RecBCD and AddAB end-resection assemblies, it was revealed that both the AdnA and AdnB components contain an N-terminal helicase domain, and a RecB-like C-terminal nuclease domain. In contrast with the RecBCD and AddAB enzymes, both the AdnA and AdnB motor domains appear to track on the same DNA strand together in a 3′--5′-direction, alongside the AdnB nuclease domain \[[@B24]\]. In contrast, the AdnA nuclease domain travels on the opposite strand and is responsible for 5′--3′ end-resection \[[@B24]\]. This has led to speculation that the motor domain in AdnA may act as the Chi site-detection module, in a role analogous to that of AddB \[[@B24],[@B25]\].

Genetic studies of RecBCD mutants in *E. coli* have also led to the discovery of an auxiliary bacterial DNA end-resection pathway dependent on the RecQ helicase and RecJ exonuclease \[[@B26]--[@B31]\]. In this pathway, the RecJ exonuclease resects the 5′ strand, after the RecQ helicase unwinds the duplex template. The mechanism is dependent on the RecFOR recombination mediator complex, which loads the RecA recombinase on to the 3′ tail, generating the nucleofilament for strand invasion. Interestingly, multiple RecQ homologues are observed in the eukaryotic domain, where they play key roles in DNA-end resection and Holliday junction resolution. Indeed, mutations in the human RecQ homologues are associated with genomic instability and genetic diseases, such as Bloom\'s and Rothmund--Thomson syndromes (reviewed in \[[@B32]\]).

Eukaryotes: complex variations on the basic theme
=================================================

The DNA end-resection process is also crucial for HR in the eukaryotic domain, and there are clear mechanistic similarities to the bacterial systems. A series of recent studies have significantly advanced our understanding of how the multiple and redundant eukaryotic pathways function to facilitate this fundamental process \[[@B33]--[@B43]\].

A key regulator in the eukaryotic end-resection pathway is the MRX/N complex (see [Figure 1](#F1){ref-type="fig"}B). The core of this complex comprises a dimer of the highly conserved Mre11 nuclease, which associates tightly with a dimer of the Rad50 protein, a member of the SMC (structural maintenance of chromosomes) superfamily (reviewed in \[[@B44]--[@B46]\]). Rad50 is a split ABC (ATP-binding cassette)-type ATPase with a long coiled-coil insert nearing a zinc hook motif at its tip. Intermolecular binding between Rad50 molecules is possible via the zinc hook region, allowing Rad50 complexes to tether homologous chromosomes, facilitating HR \[[@B47]\]. The third, more divergent, component known as Xrs2 in yeast, or Nbs1 in vertebrates, is monomeric and possesses a FHA (forkhead-associated) domain that mediates the interaction of the MRX/N complex with other DNA-repair proteins following their DNA-damage-dependent phosphorylation (reviewed in \[[@B44],[@B48]\]) ([Figure 1](#F1){ref-type="fig"}B). The MRX/N complex is one of the first recruits to sites of DNA damage, where it is found in association with the eukaryotic DNA-repair protein Sae2/CtIP \[CtBP (C-terminal-binding protein)-interacting protein\], which is recruited to the complex via an association with Xrs2/Nbs1 upon phosphorylation \[[@B49]--[@B52]\]. In conjunction with Sae2/CtIP, MRX/N has been shown to initiate limited processing of DSBs in the early stages of end-resection \[[@B35],38,[@B53],[@B54]\].

The Mre11--Rad50 tetramer is conserved in all three domains of life, and in bacteria these components are known as SbcD and SbcC respectively. These proteins were originally identified as recombination deficiency suppressor mutations in *E. coli* RecBC mutants \[Sbc (suppressors of RecBC)\] \[[@B55],[@B56]\], suggesting that the products of SbcCD processing result in illegitimate repair in the absence of a functional RecBCD helicase--nuclease complex \[[@B57]\]. In both the bacterial and eukaryotic domains, the complex has been shown to possess an Mre11 (SbcD)-dependent endonuclease activity that cleaves DNA ends blocked by covalently bound proteins and hairpin structures. This has led to the speculation that a major role of the complex may be to generate 'clean' ends at the break site, suitable for the recruitment of the resection machinery \[[@B41],[@B58]--[@B60]\]. The structural and functional conservation of the Mre11/Rad50 (SbcD/SbcC) complex across all three domains of life is indicative of the essential roles that these proteins play in maintaining genomic stability.

After the initial limited processing of eukaryotic DSBs by the combined action of the MRX and Sae2 proteins, long-range end-resection is required in preparation for Rad51 recombinase mediated-strand exchange. This second stage of end-resection is dependent upon the ExoI 5′--3′ exonuclease, or alternatively is reliant on the action of the Dna2 helicase--nuclease, working in conjunction with the Sgs1/BLM (Bloom\'s syndrome protein) helicase, a homologue of bacterial RecQ \[[@B33]--[@B43]\] ([Figure 1](#F1){ref-type="fig"}B). Whereas the Exo1 nuclease pathway has been shown to function independently of the Sgs1/BLM helicase, it has also been demonstrated that human ExoI resection activity is dramatically stimulated by a physical association with BLM \[[@B36],[@B37]\]. Interestingly, the single-strand-binding protein RPA (replication protein A) appears to modulate the nuclease activity of Dna2, stimulating the digestion of RPA-coated 5′ strands, but inhibiting 3′ strand degradation \[[@B40]\] (see [Figure 1](#F1){ref-type="fig"}B). Following end-resection by either ExoI or Dna2 and Sgs1/BLM, eukaryotic recombination mediators such as BRCA2 (breast cancer early-onset 2) and Rad52 are required for the loading of the Rad51 recombinase on to the 3′ strands to produce the nucleoprotein filament, reminiscent of the action of the bacterial FOR mediator complex in the RecQ/RecJ end-resection pathway.

In eukaryotic cells, the balance between DSB break by HR and NHEJ is tightly associated with changes in the cell cycle, to ensure that HR mechanisms are restricted to S- and G~2~-phases when homologous templates are available. In G~1~-phase, when repair is primarily mediated by NHEJ, the DNA end-resection machinery is inhibited. CDKs (cyclin-dependent kinases) orchestrate the phosphorylation of DSB-repair proteins, such as Sae2/CtIP which are central to this regulation \[[@B34],61--[@B64]\]. In addition, it has been demonstrated that the Ku complex, responsible for DNA end-binding in the NHEJ pathway, directly competes with the MRX/N complex and Exo1 for the free ends at DSBs \[[@B42],[@B64]--[@B69]\]. Recently, the nuclease activity of the MRX/N complex has been implicated in removing Ku from DNA ends, permitting the initiation of the end-resection process \[[@B69]\]. It therefore seems plausible that the regulation of the MRX/N nuclease activity by the CDK-dependent phosphorylation of Sae2/CtIP, may be central to controlling the cell-cycle-dependent switch from NHEJ to HR.

Final consideration should be given to the tight compaction of the eukaryotic DNA duplex around the core histones, as this wrapping introduces a significant barrier to DNA end-resection. Addressing this issue, three independent studies have identified the Fun30 nucleosome-remodelling complex as the agent responsible for co-ordinating the long-range DNA end-resection with the remodelling of chromatin \[[@B70]--[@B72]\].

Archaea: common mechanisms and novel factors
============================================

It has been established that the archaeal proteins and complexes responsible for the fundamental processes of DNA replication, transcription, translation and recombination display clear homology with eukaryotic counterparts. This similarity is presumably indicative of a shared evolutionary derivation of these components in the two domains of life \[[@B73]--[@B75]\]. HR appears to be the prominent mechanism for DSB in the archaea, mediated by the Rad51 recombinase orthologue RadA \[[@B76]\]. Indeed, no archaeal homologues, or even functional analogues, of the NHEJ machinery have been identified to date.

Unusually, RecQ homologues are found in only a few archaeal species, and are largely absent from the crenarchaeal kingdom. It has been proposed that the Hel308 helicase, displaying homology with the metazoan PolQ/Mus308, may fulfil an function analogous to that of RecQ \[[@B77],[@B78]\]. Hel308 has been implicated in the rescue of stalled replication forks, and the branch migration of recombination intermediates such as Holliday junctions, but it is currently unknown whether this helicase plays any role in the DNA end-resection process in archaea.

Mre11, Rad50 and Rad51 orthologues are represented in all archaeal genomes examined to date. In contrast, homologues of the helicases and nucleases responsible for end-resection in the eukaryotic and bacterial domains of life have not yet been identified in archaea. However, the discovery of a conserved DNA-repair-associated operon in the thermophilic archaea provided the first clues as to how archaea solve the end-resection problem. This operon, in addition to encoding the Mre11 and Rad50 proteins, harboured the genes for two novel proteins: HerA, a hexameric helicase of the FtSK superfamily, and NurA, a 5′--3′ exonuclease \[[@B79]--[@B82]\] ([Figure 1](#F1){ref-type="fig"}C). It was therefore predicted that all four proteins would act together to generate the 3′ tails required for HR. This archaeal 5′ end-resection hypothesis was verified experimentally by an *in vitro* reconstitution of the proteins encoded in the *Pyrococcus furiosus* operon \[[@B83]\]. The study suggested that the archaeal Mre11--Rad50 complex generates short 3′ tails, by limited endonucleolytic digestion of the 5′ strand, which then appear to be extended by the HerA--NurA complex.

Further insights into the mechanisms of the HerA--NurA interaction, and DNA end-resection, have been provided by two recent studies, which determined the crystal structures of NurA from *Sulfolobus solfataricus* \[[@B84]\], and *P. furiosus* \[[@B85]\]. These structures revealed that NurA forms an obligate dimeric ring of RNAse-H like domains, with an active site contained in each subunit. It was also demonstrated that the dimer interacts with the HerA hexamer, with a stoichiometry of 2:6, presumably to form a closed- ring assembly \[[@B84]\]. Interestingly, the central cavity of the NurA dimer is too narrow to accommodate a B-form DNA dimer, but, following unwinding, there is sufficient space for the two single strands to be passed along the inside of each subunit. Furthermore, *in vitro* biochemical analyses demonstrated that the enzymatic activities of both HerA and NurA were dramatically stimulated upon complex formation \[[@B84]\]. It was also observed that the nature of the DNA end appeared to modulate the outcome of HerA--NurA processing. On blunt duplex DNA ends, both strands were encircled and translocated by the complex, whereas on substrates that possessed a 5′ single-stranded overhang, only one strand was threaded through the core of the complex \[[@B84]\] ([Figure 1](#F1){ref-type="fig"}C). Thus it seems that HerA--NurA processing can result in either the double-stranded destruction or single-strand resection of duplex DNA, in a manner analogous to the action of bacterial RecBCD \[[@B84]\]. It still remains to be determined how the switch between the two modes might be regulated, and which mechanism is most significant *in vivo*. It is also currently unclear how the Mre11--Rad50 and HerA--NurA complexes co-operate to generate the 3′ single-stranded tails required for end-resection. A potential physical association between Mre11--Rad50 complex and HerA has been reported previously \[[@B86]\], but the molecular basis for this interaction has yet to be elucidated.

Concluding remarks
==================

The general mechanism of DNA end-resection is essential to the process of HR-mediated repair, and is conserved in all three domains of life. Studies using experimentally tractable model organisms have helped to build a picture of how these crucial mechanisms operate to maintain genomic stability. Archaeal models have already provided valuable insights into the workings of the highly conserved Mre11--Rad50 complex \[[@B47],[@B87]--[@B91]\]. Given the involvement of the Mre11--Rad50 complex in the archaeal HR-mediated DSB repair pathway, it is likely that further insights into the conserved DNA end-resection processes will be gained from forthcoming studies using archaeal and other model systems.

Funding
=======

Research in the N.P.R. laboratory is funded by the Medical Research Council \[Career Development Award G0701443\]. Research in the L.P. laboratory in funded by a Wellcome Trust Senior Fellowship Award in Basic Biomedical Sciences \[grant number 08279/Z/07/Z\]. Funding for open access charge: the Medical Research Council \[grant number G0701443 (to N.P.R.)\], the Wellcome Trust \[grant number 08279/2/07/Z (to L.P.)\] and the Department of Biochemistry, University of Cambridge.
